ϩ transporters may be influx routes for Na ϩ under highsalinity conditions (Kader and Lindberg 2005, Takahashi et al. 2007 ). Thus, high-affinity K ϩ transport systems are also essential for preventing Na ϩ toxicity. We wish to identify transporters that mediate high-affinity K ϩ uptake from soil in rice (Oryza sativa), a globally important crop.
K
؉ uptake system in plants AtAKT1 was initially identified as the K ϩ uptake transporter in plants by reverse genetics. Root cells of atakt1 mutants have no inward current, as determined by patch-clamp and their growth is inhibited in low K ϩ media (100 mM or less) (Hirsch et al. 1998) . In an analysis of atakt1 mutant, Spalding et al. characterized other K ϩ uptake transporters (Spalding et al. 1999 
Phylogenetic tree of KT/HAK/KUP transporters in plants
KT/HAK/KUP transporters compose a large family: 13 proteins are encoded in the genome of A. thaliana, 25 to 27 genes in the rice genome, and 24 genes in the poplar genome (Gierth and Mäser 2007, Grabov et al. 2007 ). These proteins can be classified into four clusters based on their amino acid sequence (Figure 2 ). Mutant strains of budding yeast (Saccharomyces cerevisiae) and E. coli that are defective in the high-affinity K ϩ transport system are often used as host cells for complementation tests to assess whether a given transporter has K ϩ transport activity. The TRK1 and TRK2 genes encode the high-affinity K ϩ transporters in S. cerevisiae. Complementation tests with trk1 and trk2 mutant of yeast and analysis of T-DNA mutant Arabidopsis have revealed that KT/HAK/KUP transporters in cluster I, AtHAK5, HvHAK1, and OsHAK1-1, had high-affinity K ϩ transport activity (Banuelos et al. 2002 , Gierth et al. 2005 , SantaMaria et al. 1997 . In contrast, OsHAK7, OsHAK10 and HvHAK2 transporters in cluster II could not complement the trk1 and trk2 mutations of yeast (Banuelos et al. 2002; Santa-Maria et al. 1997) . The chimeric protein OsHAK10-GFP is localized to the tonoplast in onion epidermal cells (Banuelos et al. 2002) . It is thought that OsHAK10 protein cannot be localized to the plasma membrane in yeast cells (Banuelos et al. 2002) . In some reports, the K ϩ transport activity of KT/HAK/KUP transporters in cluster II was assessed using E. coli mutants (Ahn et al. 2004; Banuelos et al. 2002; Senn et al. 2001) . Results of complementation tests with (Garciadeblas et al. 2007 ). In cluster IV, PhaHAK5 could complement the trk1 and trk2 mutations of yeast. Since PhaHAK5 can mediate Rb ϩ uptake in the micromolar range in the yeast cells with the trk1 and trk2 mutations, it was classified as a high affinity K ϩ transporter. However, Na ϩ and K ϩ transport activity of yeast cells expressing PhaHAK5 was significantly inhibited when the concentration of Na ϩ is higher than that of K ϩ in media. In contrast, the K ϩ transport activity of PhaHAK1 (cluster I) is not inhibited even when the concentration of Na ϩ is one hundred times higher than that of K ϩ (Takahashi et al. 2007 ). For the transporters involved in K ϩ uptake, it is necessary that they 1) have inward transport activity of potassium ion, 2) localize plasma membrane, and 3) are expressed in root epidermis cells. There is no report that any transporters belonging to the KT/HAK/KUP family meet all of these three requirements. However, some transporters in the cluster I may be the first candidates to meet these criteria, as judged from the results of the following experiment. Transcripts of AtHAK5 accumulated under K ϩ starvation, and a GFP reporter driven by the AtHAK5 promoter was observed in the epidermis of main and lateral roots and in the stele of main roots in A. thaliana. In low K ϩ media, the accumulation level of K ϩ in the athak5 mutant of A. thaliana was lower than that of wild type (Gierth et al. 2005) . Although these results suggested that AtHAK5 functions in K ϩ uptake, its intracellular localization is still unknown. HvHAK1 of barley belongs to cluster I. Rb 
Expression of seventeen OsHAK genes in root of rice
At least seventeen genes encoding KT/HAK/KUP transporters are present in the genome of rice (Banuelos et al. 2002) . To identify the function of each OsHAK transporter on the K ϩ uptake in rice, we investigated the mode of expression of each gene in rice root under the stress conditions of K ϩ starvation and 50 mM NaCl, using the real time (RT) PCR. The expression of OsHAK1, OsHAK7, and OsHAK16 is much higher than that of other OsHAK genes; mRNA of OsHAK3 and OsHAK6 could not be detected by RT-PCR (Fig. 3A  and B) . Not only relative expression levels but also relative fold change is an important factor for a transporter functioning as a high-affinity K ϩ uptake in the epidermis. The transcripts of OsHAK1, OsHAK7, and OsHAK12 under K ϩ starvation, and those of OsHAK11 and OsHAK16 under salt stress, were increased ϳ3-fold relative to the non-stress condition ( Fig. 3C and D) . Thus, OsHAK1 (cluster I) and OsHAK12 (cluster III) are candidates for high-affinity K ϩ uptake transporters in rice root. Although level of expression of OsHAK genes belong to cluster III and IV is not high in rice root, transcription of both OsHAK11 and OsHAK12 (cluster III) is significantly induced by salt stress and K ϩ starvation, respectively. In A. thaliana, transcripts of AtKUP/HAK11 (cluster III) is increased ϳ3-fold by salt stress of 80 mM NaCl (Maathuis 2006). Therefore, KT/HAK/KUP transporters in cluster III may function in maintenance of K ϩ /Na ϩ homeostasis under the stress conditions of salinity and/or low K ϩ . To clarify the physiological function of the whole KT/HAK/KUP family, K ϩ ion selectivity and intracellular and tissue specific localization of each protein should be studied. -free medium for 8-11 days (A) or treated with 1/2 MS medium contained 50 mM NaCl 24 hours after germination on 1/2 MS medium (B). Control samples were germinated and grown in 1/2 MS medium during 8-11 days. The low-identity regions of the C terminus and 3Ј-UTR were used for primer design.
